ABSTRACT Liquids can work in heat engine cycles that employ regeneration. Four such cycles are discussed: Stirling, Malone, Stirling-Malone, and Brayton. Both regeneration and the role of the second thermodynamic medium are treated, and the principles are verified by quantitative measurements with propylene in a Stirling-Malone cycle.
coefficient, p is the mass density, and cp is the isobaric specific heat. A Carnot cycle spans a temperature difference determined by the adiabatic temperature change ATad and, hence, is unsuitable for use with liquids, as Carnot himself pointed out (1) . All heat engines using liquids must incorporate some method for expanding the temperature span AT over which they operate to a value greater than ATad. This can be achieved if, in those parts of the engine where there is to be a steady temperature gradient or where heat is to be absorbed or released, a means is provided always to restore the fluid at a given location to the same temperature regardless of the fluid's history. The fundamental principle showing how this can be done was first revealed in 1816 by Robert Stirling (2) . The gas in all parts of Stirling's idealized engine experiences only locally isothermal processes. The ideal engine has Carnot efficiency. There is no relationship in principle between AT and Aad.
The heat flows necessary for the above restorative actions are achieved either by the transfer of heat from fluid in one part of the engine to fluid in another part or by the transfer ofheat from the fluid to a second thermodynamic medium during one part ofthe cycle and from the second medium to the fluid in another part of the cycle. In practice, the necessary processes can never be made completely reversible, owing to friction and the finite thermal conductivity ofmaterials.
Some examples of cycles in which liquids can work are given below; they are illustrated with schematic drawings in Fig. 1 . The term regenerator is used in Fig. 1 to describe the engine component used in transforming the fluid temperature between the ambient temperature TA and the remote temperature TR.
The ambient and remote heat exchangers provide means for contact with thermal reservoirs at TA and TR. The components D are opposite ends of the same displacer; they move together to displace fluid from one end of the engine to the other at constant total volume. Piston P produces volume changes of the fluid and can be controlled separately from D. Components P and D are moved separately. When first one is moved and then the other, we call the cycle "articulated." When the motions of both P and D are sinusoidal but with a phase shift, we call the cycle "harmonic." The symbol C refers to an isentropic fluid compressor; E refers to an isentropic fluid expander.
The Stirling Cycle. In the articulated Stirling cycle, the components P and D are moved alternately at constant local temperature, respectively causing externally and internally (con-*stant volume) produced pressure changes. For TR > TA, the phasing of P and D can be arranged for the engine to be either a prime mover or a heat pump. For TR < TA, the phasing is the same as for the prime-mover operation, and the engine is a refrigerator. In the case of prime-mover operation, the fluid first is expanded isothermally from its compressed state, absorbing heat from the heat exchangers and a second thermodynamic medium (the regenerator); then is displaced at constant total volume and constant local temperature through the regenerator towards the ambient end, rejecting heat to the regenerator; then is compressed isothermally, rejecting heat to the exchangers and the regenerator; and finally is displaced again at constant volume and constant local temperature through the regenerator towards the remote end, absorbing heat from the regenerator and completing the cycle. Desirable qualities of a Stirling regenerator are (i) a large heat capacity compared with the fluid passing through it during a half-cycle, (ii) excellent lateral thermal contact with the fluid, (iii) low longitudinal thermal conductance, (iv) small fluid volume, and (v) a low impedance to fluid flow. By alternately absorbing and releasing heat to the fluid, the Stirling regenerator enables the cycle to operate with AT = ITR-TAI > IJTadI. Ifthe volumetric displacement VD is small enough in a Stirling cycle with a liquid medium, then thermal contact will be impaired with the thermal reservoirs at TR and TA. This is a consequence of either a reduction in the effective heat transfer area in the heat exchangers or, for VD small compared with the dead volume between regenerator and exchangers, a change to a type of very ineffective shuttle heat transfer (3) between regenerator and exchangers. Any reduction in the heat transfer to the reservoirs at TR and TA diminishes the thermodynamic effectiveness of the cycle. For gases these considerations seldom apply; but for liquids the displaced volume VD must be kept small so that the heat capacity of the displaced fluid is small compared to that of the second thermodynamic medium, which has a comparable heat capacity per unit volume. In our apparatus, the above deleterious effects are so large with the Stirling arrangement that we have not undertaken detailed experiments. There may be cases, however, where a liquid can be used in a Stirling cycle.
The Malone Cycle. In 1931, J. F. J. Malone (4) published an account of experimental engines designed specifically for use with liquids. The ideal articulated Malone cycle is similar to the Stirling cycle in that components P and D are moved alternately and a constant local temperature in the regenerator and heat exchangers. Unlike the Stirling cycle with its reciprocating flow, the fluid has a pulsating, unidirectional counterflow inside the regenerator (or "thermodynamic pile" as Malone called it) and 31 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. a pulsating, circulating flow inside the heat exchangers-all accomplished with the use oftwo check valves and two sets offlow channels. The volume of fluid displaced during a half-cycle is small compared with the fluid volume inside the regenerator. Fluid flowing from the remote end towards the ambient end during a half-cycle exchanges heat with the fluid flowing in the opposite direction during the other half-cycle. No nonfluid heat capacity is needed in principle to regenerate the fluid at constant pressure. The circulating flow promotes thermal contact between the fluid and the heat exchangers and between the heat exchangers and the regenerator, overcoming the corresponding difficulties in the Stirling cycle. Owing to the fact that, ATad/T is always small for a liquid, it is immaterial whether the pressure changes adiabatically or isothermally in the open volumes adjacent to the ends of the displacer piston. It is only essential that all processes in the regenerator and. exchangers be locally isothermal.
The Stirling-Malone Cycle. The Stirling-Malone cycle combines the regenerative qualities ofthe Stirling cycle with the improved thermal contact between the fluid and the heat exchangers of the Malone cycle. This is achieved by using a pair of check-valves at each end of the regenerator. As in the Malone cycle, the reciprocating action of the displacer, together with the check valves, causes the fluid leaving the regenerator at a given end to circulate completely through the heat exchangers before entering the same end ofthe regenerator again. As in the Stirling cycle, a second thermodynamic medium is necessary to regenerate the fluid at constant pressure, and the fluid reciprocates inside the regenerator.
The Brayton Cycle. In the Brayton cycle engine shown in Fig. 1 Fig. 2 , except that the two check valves at the remote end were removed and that the internal division ofthe flow passages into two sets was restored. The displacer was designed so that its contribution to the thermal losses is small. One 
In typical measurements of regenerative loss, we measured the externally applied electrical power Qext (Fig. 2) needed to keep the average value of AT = TR-TA constant, with TA held constant by adjusting the cooling water. The dependence ofdisplaced volume on time was periodic, and either a sinusoidal or a symmetrical triangular wave with known peak-to-peak volumetric displacement VD and period T. The nonfluid heat loss 01oss = a AT due to conduction and radiation, with "a" roughly temperature independent, could be evaluated empirically. [1] where Sp is the maximum measured pressure drop 1PR -PAK0aX (Fig. 2 ) and where half of the total frictional heating is assumed to be applied to each exchanger. The regenerative loss can then be calculated from [2] Measurements of Qreg [3] where g(T) is a function of Tand independent ofVD that depends on the configuration of the apparatus, the geometry of the regenerator, and the thermophysical properties of the fluid. For both the quasi-continuous counterflow and parallel-plate Malone regeneration in the long T-limit, theory predicts g(i) x x-1.
Measurements of Qre/VATVD2 for the equivalent sinusoidal displacement are plotted as a function of i-in Fig. 3 (1981) That the usual losses are small is explained by the elimination ofthe thermal resistance ofthe copper and by the factor-of-two reduction in fluid velocity for the Stirling-Malone configuration as compared with the Malone arrangement. The idealized shuttle heat-loss mechanism (3) can give a heat loss per cycle proportional to '1/2 or x, depending on the nature of the problem. The .28 dependence shown on Fig. 3 no doubt reflects a complicated situation. One might speculate that a shuttle heat loss is rooted in the thermal lag between the oscillating longitudinal temperature gradient in the copper screens and the surrounding stainless steel pressure vessel.
The second thermodynamic medium
In regenerating the fluid at constant pressure, an important difference between the Stirling or Stirling-Malone cycles and the Malone or Brayton cycles is that no nonfluid heat capacity in the form ofa second thermodynamic medium is essential in the latter two. But for there to be a net thermodynamic effect, the Stirling, Malone, and Stirling-Malone reciprocating cycles must have an appropriately phased time-varying pressure. Consequently, all the reciprocating cycles, including the Malone cycle, require the heat capacity ofa second thermodynamic medium in order to absorb or reject within the regenerator and exchangers on a locally isothermal basis the heats ofcompression or expansion caused by the pressure changes induced by motions of the piston and displacer. Consider, for example, the Malone engine shown schematically in Fig. 1 operating as a prime mover in an articulated cycle. Assume for simplicity that the heat capacity ofthe exchangers is infinite, that their thermal contact with the fluid is perfect, that the displaced volume is small compared with the volume Vr ofthe regenerator, that the fluid is essentially incompressible, and that the temperature and pressure variations ofthe fluid parameters can be neglected over the temperature difference AT.d and the pressure difference caused by the compression, Ap. Then fluid moving from the regenerator's remote end to the displacer after a compression has an excess temperature
The above arguments apply equally well to the Stirling and Stirling-Malone cycles. The Brayton cycle does not require the use ofa second thermodydnamic medium because the pressure at any point ofthe heat exchangers is constant in time; the pressure-induced temperature differences are confined to the compressor and expander. Although in the Malone cycle regeneration at constant pressure remains efficient as C2/CF O. 0, this advantage cannot be realized, as the second thermodynamic medium is still needed to restore the temperature of the fluid during pressure changes.
Experiments with liquid propylene (C3H6) working in a Stirling-Malone cycle We tested the above concepts quantitatively by using the apparatus shown schematically in Fig. 2 with sinusoidal displacer and ram motions phased at 900 for prime-mover action. The ram displaces 67.8 cm3; the total engine fluid volume is about 900 cm3. All results presented here are for an engine period T r 3.0 sec. is the "thermodynamic" heating rate from Eq. 7, (TAi)R being = (T)R Vr A&P T F +C2 [4] where (T13R is the value of this quantity at TR, CF = V4 (PCP)R is the total heat capacity ofthe fluid in the regenerator taken at TR, and C2 is the heat capacity ofthe regenerator in contact with the fluid. The heat rejected to the remote heat exchanger when the volume VD is displaced into or through it is Q= VD (cP)R ST =C CF (TAR) VD Ap.
CF+ C2 [5] Expansion through pressure difference Ap cools the fluid in the remote end ofthe displacer. When this fluid is displaced into or through the remote exchanger it absorbs heat Q2 (Tf)R VD AP.
[6]
The total heat absorbed from the remote heat exchanger each cycle is Q = Q2-QI:
where r = C2/(CF + C2). The heat absorbed is reduced by the factor r from the ideal case of a regenerator with infinite heat capacity. The work done per cycle is also reduced by the factor r. To study the effect of the second medium under simple conditions, we made measurements for the case TR -TA = 0. We measured all quantities in Eq. 8 except QR and then calculated it from Eq. 8, the results being shown in Fig. 4 for various values of VD/T. Also shown in Fig. 4 As a further test of our understanding of the energy balance, we made measurements for TR -TA = 39.8 K. These are shown in Fig. 5 , which includes as a function of VD/T both the measured values of (ext and the values computed for this quantity from the right side of Eq. 8. The agreement is excellent. We used F = 0. 72, corresponding to the somewhat different fluid properties from those at zero temperature difference. We also usedf = 1 in Eq. 10, which allows a good fit to the data and may reflect the fact (Fig. 3 ) that regenerative loss for the Stirling-Malone cycle has some loss mechanism other than the common temperature defect. Additionally, we found no evidence for a heat loss QO due to ram motion alone (5) . The data on
Fig. 5 give further weight to Eq. 9, which takes into account the effect of the finite heat capacity of the second medium on the net thermodynamic heating rate.
The ideal thermodynamic efficiency of the engine remains unchanged for F < 1, so that the work per cycle is reduced by the same factor r as is the thermodynamic heat. Using the approximate expression for work W from ref. 5 where the first factor is the thermodynamic heat at the remote end, the second factor (involving the pressure-averaged expansion coefficients at ambient and remote ends) reflects the intrinsic inefficiency ofliquids working in heat engines, and the third factor is Carnot's efficiency. In Fig. 6 we plot the measured values of W/Ap and values calculated using Eq. 11 and a value ofr = 0. 72 (Fig. 5) . The measured values of the work are obtained by subtracting from the difference between the indicated work with the displacer moving and with it stopped, the same difference for TR -TA = 0. Agreement is within the experimental error in measuring these differences.
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